Abstract: Advanced paternal age has very real consequences in fertility, embryogenesis, and even offspring health. Specifically, advanced paternal age has been linked to delayed time to pregnancy and in some studies even appears to be linked to a decreased likelihood of achieving a pregnancy. Epidemiological and animal model evidence also suggests that the offspring of older fathers are at an elevated risk for neuropsychiatric disease. For these reasons it is essential that we have a comprehensive understanding of what actually occurs in the gametes of the aging male. Available data suggest that there are very clear patterns of aging in the sperm epigenome that can be directly detected in DNA methylation patterns. Importantly, these alterations are so consistent that a predictive model has been successfully generated to predict an individual's age based only on sperm DNA methylation signatures. Because this metric is the most direct way to detect aging in sperm, it is logical that these signatures may offer predictive value for the offspring abnormalities that are also correlated with advanced paternal age and as such may offer a unique opportunity to generate diagnostic tools that can identify personalized risks for each couple hoping to achieve a pregnancy. While a great deal of work still needs to be performed to understand the real diagnostic utility of sperm epigenetic marks, the potential is real and warrants further investigation particularly in the context of advanced paternal age.
Introduction
Aging is an unavoidable and unforgiving biological process with significantly disproportionate gender-based effects on human fertility ( Figure 1) . Females often experience an abrupt loss of fertility in their mid 30's to early 40's that is marked by an increased likelihood of spontaneous abortions, chromosomal defects in offspring, preterm delivery and intrauterine growth restriction (IUGR) (1) . This already significant impact on female fertility is soon followed by sterility upon the onset of menopause. In stark contrast is the impact of aging on males, which has historically received far less attention, likely the result of the significantly less striking negative consequences of the aging process compared with females. Despite this, a great deal of data has recently come to light suggesting an association between advanced paternal age and neuropsychiatric disorders, among other consequences, in the offspring of aged fathers (2) (3) (4) (5) . Additional studies focusing on sperm epigenetics have found distinct and consistent alterations to the sperm epigenome associated with aging that have the potential to impact the offspring (6, 7) . Taken together, these findings have driven increased interest in the process of aging in fathers and the impacts of this process on both male fertility and the increased disease susceptibility in the offspring of older males.
Many couples necessarily weigh the risks associated with advanced maternal age in family planning decisions, while the age of the male partner has historically been viewed as a less important consideration. Based on newly available Review Article Sperm epigenetics and aging Timothy G. Jenkins 1 data however, it is clear that advanced paternal should be included in these considerations (2) (3) (4) 8) . In the future, it will be important that data regarding the impact of paternal aging be made available to be care providers and couples with aged male partners to facilitate well-informed family planning decisions in light of the data regarding advanced paternal and maternal age. Novel tools utilizing epigenetic analysis appear to be capable of identifying aging patterns directly in the gametes and in the future may serve as a tool for physicians to offer more personalized counseling with patients regarding the potential impacts of advanced paternal age (9) .
Epigenetics
The epigenome is an essential and modifiable series of marks including DNA methylation, nuclear protein composition (and specifically modifications to histone protein tails), and, by some definitions, various RNA species. These epigenetic marks are competent to regulate gene expression and can be passed onto the embryo following fertilization. Because of the epigenome's role in gene regulation, it is not surprising that each cell in the body has a distinct epigenetic profile that is tightly associated with each specific cell's function. Human sperm are no exception to this, and in fact may represent one of the best examples of a unique cell type with a highly specialized epigenome well suited to drive the morphologically and functionally distinct attributes of this unique cell type.
In somatic cells, DNA is packaged around histones, however in sperm the majority of histones have been displaced by transition proteins during spermatogenesis. As the name indicates, these transition proteins are only in place for a short period of time before being replaced by protamine proteins 1 and 2 (P1 and P2). These protamine proteins work together in an approximately 1:1 ratio to form a toroidal structure that is 6 to 20 times more tightly compact than the nucleosome bound nucleus (10, 11) . The expression patterns of these proteins appear to be important for both sperm cell function and fertility. While not abnormal to observe these altered ratios in the general population, unbalanced expression of the protamines (P1 and P2) tends to be associated with abnormal sperm function, DNA damage, reduced fertilization rates, and reduced implantation rates (12, 13) . These findings were among the first to suggest that the nuclear protein composition of the sperm cell may have an impact beyond normal sperm function. It is important to note that not all of the sperm DNA is protamine-bound. In fact about 5% remains enriched with nucleosomes (and associated histone modifications). Thus these regions still have the capacity to affect gene activity (14) . In 2009 it was demonstrated that histones are retained at specific loci important in embryonic development including: developmental gene promoters, genes encoding microRNAs, and imprinted loci (14) . In addition, sites where histones are retained in the mature sperm often maintain both transcription activating and transcription silencing histone modifications within the same region. Such 'bivalent' histone modifications are quite important to pluripotency and are a hallmark of stem cells (14) . Taken together, it appears that sperm function, embryogenesis and even early development, likely require some level of normalcy in the sperm epigenome. DNA methylation marks are also strikingly unique in the sperm epigenome. The sperm methylome reflects and facilitates the cell's highly specialized and unique functional role (15) . Methylation marks at cytosine residues, typically found at cytosine phosphate guanine dinucleotides (CpGs), and have been shown to be capable of transcription regulation based on the presence or absence of this mark. Most notably, these marks are believed to help prevent aberrant transcription. These roles are dependent on location relative to gene architecture. One of the most distinct areas of the genome that is differentially methylated between sperm and somatic cells are imprinted regions (16) . These genomic regions display a parent-of-origin-specific methylation signature such that DNA from each parent will be entirely differentially methylated (one being fully 
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Transl Androl Urol 2018;7(Suppl 3):S328-S335 tau.amegroups.commethylated and the other fully unmethylated). Thus, the methylation signature in diploid (somatic) cells when taken as a whole will be approximately 50% methylated where as in the sperm the methylation signatures at these same sites will be either fully unmethylated or fully methylated depending on the specific site. This represents only one of many distinctions that make sperm DNA methylation signatures so unique. This unique epigenetic landscape plays a key role in the many aspects of sperm function.
Delayed parenthood
A significant contributing factor to the interest in the impacts of paternal age is the trend of delayed parentage that has occurred in developed countries for many years. This trend toward delaying having children can be seen in both sexes and is believed to be a result of socioeconomic pressures and the increased frequency of divorce with subsequent remarriage (3) . Though this trend in many ways is justified by increasing life expectancies in both sexes, advanced paternal age significantly affects general semen parameters, epigenetic signatures, as well as point mutations that ultimately affect fecundity and even offspring health (2, 3, (6) (7) (8) . A very clear trend of delayed parenthood in both females and males exists in developing countries around the world. Many examples of this exist in the literature. During the 10-year span of 1993 to 2003 the percentage of 35-54 years old fathers increased from 25% of all births in Great Britain to 40%. In agreement with these data was the percent of fathers over the same period who were less than 35 years of age, which fell from 74% of total births to only 60% (17) . Australian data reflects the same trend at a very similar rate. Between the years of 1988 and 2008 the average age of fathers in Australia increased by an average of approximately 3 years (18). The average age of fathers in Germany increased by 2 years over a 10-year period (3). Similar trends can be found in the United States and many other developed countries. As this trend continues there will soon be a smaller percentage of fathers <35 years of age compared to fathers >35 years of age. While the trend is justifiable, the potential impacts of delayed parenthood are real and should be thoroughly understood and considered.
Impacts of advanced paternal age

Fecundity
Though very different from the abrupt and universal cessation of fertility seen in females, a significant decline in man's fertility and fecundity does exist and is directly correlated with age. However, the age at which this decline occurs and even the magnitude of this decline among a population of men remains poorly understood and is quite variable. In many ways this is not surprising as the decline in fertility in the male is not as abrupt as in females, but the lack of a defined point at which men are considered to be 'aged' (in terms of reproductive potential) can cause a level of increased uncertainty in family planning decisions. Despite this uncertainty, based on many studies it is clear that an age effect on male fecundity does exist and should be considered in family planning decisions.
In an observational study performed in the United Kingdom in 2003, Hassan et al. found that men >45 years of age had a five-fold increase in their time to pregnancy in comparison to individuals <25 years of age (19) . Interestingly, when compared to males <25, men 45 and older were also 12.5 times more likely to have a time to pregnancy of greater than 2 years (19). As expected, this effect is amplified when the female member of a couple is of advanced reproductive age as well [35] [36] [37] [38] [39] . In these couples, men >40 were more than two times as likely to fail to conceive during a 12-month period in comparison to men <40 (20) . Additionally, when taking into account unsuccessful pregnancies in the same groups, men over 40 were 3 times less likely to produce viable offspring than the younger cohort (20) . Similar studies support these data and suggest an increased frequency of fetal loss, increased time to pregnancy, and decreased probability of conception with increasing paternal age (21) (22) (23) . However, there are conflicting data that suggest little or no effect of paternal age when considering natural conception (24) .
The impact of paternal age has also been assessed with the use of assisted reproductive techniques. In a study from France, 17,000 intrauterine insemination (IUI) cycles were analyzed and described a pregnancy rate of 12.3 for couples whose male partner was less than 30 years old. In contrast, and after adjusting for female age, this study found that when the male partner was over 30 years old the couples had significantly lower pregnancy rates with an average (25) . Similarly, it was shown in 1995 by Mathieu et al. that older men (≥35 years old) had decreased rates of conception (26) . It should be noted however, that these data are not without controversy. Some studies have failed to identify a paternal age effect on IUI success (27) . Studies of the impact of paternal have also been conducted using in vitro fertilization (IVF) with similar controversy. Many studies suggest that pregnancy rates/outcomes in IVF cycles can be impacted by paternal age (28) . In fact, some have suggested a compounded and amplified effect with couples having both partners of advanced age (29) . Among the most convincing data is work using donor eggs, effectively isolating the male as the variable of interest. A significant paternal age effect was seen on pregnancy outcomes when performing a large study on IVF with donor eggs (30) . However, an even more recent study, which corrected for age of the egg donor found no effect of paternal age on pregnancy outcome (31) .
Offspring health
The impacts of external environments, lifestyles, and other biological processes (including aging) have been shown to impact the sperm in many ways and have also been associated with phenotypic effects in offspring. In some cases, these effects can be transmitted across multiple generations (32) (33) (34) . In addition, multiple animal studies and a few human studies have observed associations between paternal exposures, sperm epigenetic status, and offspring phenotype. For example, advanced paternal age, paternal diet, exposures to stress and in utero exposures to various compounds have all been demonstrated to impact offspring phenotype and/or epigenetic profiles.
Specifically, some recent studies have suggested the existence of heritability that is uniquely propagated through the paternal germ line and believed to be a result of inheritance of DNA methylation profiles. One recent study in particular showed that in utero alcohol exposure alters proopiomelanocortin (POMC) gene promoter methylation in the sperm (35) . Intriguingly, this alteration is inherited only through the paternal germ line for multiple generations. Though this study did not specifically look at the impact of aging they were able to show an interesting pattern of inheritance via DNA methylation signatures that may also play a role in aging. In support of this idea is data from a 2015 study (8) which demonstrated clear ageassociated DNA methylation alterations in mouse sperm that were passed onto the offspring. These offspring were also found to have altered behavioral patterns that mimicked the patterns seen in human neuropsychiatric disorders (8) . Thus, the mechanism of epigenetic inheritance provides a plausible explanation for the non-genetic paternal transmission of increased disease susceptibility from whatever source.
Of particular interest in this review is the impact of advanced paternal age on offspring. This topic has begun to receive much attention and has recently been described as the 'paternal age effect'. In brief, this effect can be summarized by the findings of recent studies that have linked paternal aging and the prevalence of wellknown neuropsychiatric disorders in offspring (5, 36, 37) . Specifically, multiple studies have shown an increased risk of schizophrenia in the offspring of older fathers (4, 5) . The most notable meta-analysis found an increased relative risk (up to 1.66) in older fathers (4) . Similarly, increased risk of autism has been identified through epidemiological studies in the offspring of older fathers (2). Interestingly, this increased risk of autism appears to also be detectable when assessing grand paternal age as well (38) suggesting that the risk may be compounded over multiple generations. Importantly, this neuropsychiatric/behavioral phenotype has been replicated in mouse models of paternal aging (36) where animals sired by older fathers had decreased social and exploratory behavior in the absence of influence from the father other than that provided by the sperm. One mouse study in particular showed altered behavioral patterns and DNA methylation signatures in the brain of offspring from older fathers and additionally found associated DNA methylation signature alterations in the sperm of aged fathers (8) . In addition to increased incidence of neuropsychiatric disease, the offspring of older fathers also appear to have increased incidence of some forms of cancer (39) (40) (41) (42) . These intriguing findings suggest the paternal aging effect warrants study beyond what is simply seen in the affected individual. In fact, based on the available data, the study of aging should not be limited to a single generation. It appears that through epigenetic mechanisms the alterations seen in the sperm of an aged individual may be of consequence across multiple generations.
Sperm epigenetics and advanced paternal age
Despite the intriguing evidence surrounding the paternal age effect, the etiology of the increased frequency of various disorders in the offspring of aged fathers remains poorly defined, though there are likely candidates to explore. Among the most intriguing are epigenetic alterations to the sperm that are associated with age, as these alterations can accumulate over time and have the potential to impact fertility, embryogenesis and even offspring health.
In most somatic tissues throughout the body, aging alters DNA methylation profiles in consistent but quite subtle ways (43, 44) . Though very distinct from other cell types, it is not unreasonable to assume that similar age associated methylation alterations may take place in the sperm as well. In fact, Oakes et al. has described age associated hypermethylation at specific genomic loci in both sperm and liver tissue in male rats (44) . In fact previous studies have reported that a key feature influencing the magnitude of age associated alterations to DNA methylation is the frequency at which the specific cell type of interest divides, with more frequently dividing cells displaying higher magnitude age associated DNA methylation changes (45) . Thus, it is not unreasonable to assume that a great deal of methylation alteration can occur in the sperm as a result of aging similar to what is seen in other somatic tissues. Our laboratory has invested significant effort into describing the nature of age-affects in the sperm epigenome. In fact in 2014, we reported over 140 loci in sperm that consistently and predictably undergo DNA methylation changes as men age (7). The loci were first identified by evaluating DNA methylation patterns in paired sperm samples from the same men collected 10-20 years apart and subsequently validated in an independent cohort of men. The observation of systematic and predictable changes in sperm DNA methylation patterns as a function of age gave rise to the application of machine learning algorithms to develop a sperm DNA methylation-based age predicting calculator (9) . Remarkably, these alterations were enriched at genes known to be associated with neuropsychiatric disease processes (specifically, bipolar disorder and schizophrenia (7) . This finding is of particular interest within the context of previous reports of increased risk of neuropsychiatric disease in the offspring of older fathers. In addition, our data showed that regions where age-associated changes typically took place were enriched in sub-telomeric regions. Importantly, sub-telomeric regions have been previously shown to escape the large-scale epigenetic reprograming events following fertilization and during early sperm development suggesting that age-impacted epigenetic signals may be capable of direct transmission to the offspring (46) . In further support of this, is data from murine models that have confirmed an impact of aging on the sperm methylome and have additionally shown that the age-associated methylation alterations are transmitted to offspring and impact offspring behavioral phenotypes (8) .
A very striking feature associated with age associate DNA methylation change in sperm can be seen when comparing these patterns to those seen in somatic cell aging (Figure 2) . Specifically, it has been reported that in somatic cells there is a global loss of DNA methylation whereas among the regions known to change with age there is a strong bias toward increases in methylation with age (47) . In contrast, the opposite is observed in human sperm with global increases in methylation and a strong bias toward regional loss of methylation at the sites known to be impacted by aging. In fact, of the age-impacted regions identified in our study DNA methylation decreased with age at 140 regions and increased with age at only eight regions (7) . The biological impact of this difference is very difficult to interpret (because they are not necessarily found in the same regions), but the difference between somatic and germ line aging is striking. This finding is less surprising when taken into account that sperm are known to have other ageassociated modifications that defy convention (i.e., telomere length) (48) (49) (50) .
In addition to defining the age-associated methylation alterations that are common in sperm, our laboratory has also conducted machine learning experiments to determine the predictive nature of sperm DNA methylation signatures and aging (9) . Specifically, we constructed multiple linear regression models to determine if sperm DNA methylation signatures were predictive of an individual's chronological age. While a methylation age calculator was previously constructed by Steven Horvath in 2013 (51), this calculator was constructed for somatic tissues and the epigenetic signatures of aging are so distinct between somatic cells and sperm that the available epigenetic age calculator is entirely ineffective for age prediction based on sperm DNA methylation signatures. A total of 329 sperm samples were assessed and utilized to construct a model using DNA methylation array data. The model was trained using methylation at only 51 of the regions previously identified to be affected by age. Because of the remarkable consistency with which DNA methylation changes with age, the current model is able to predict an individual's chronological age with up to 94% accuracy. Because it is believed that methylation alterations with age may play a role in the increased incidence of various abnormalities in the offspring of older fathers, measuring aging directly in this tissue potentially offers a great deal of insight into each individual's risk of passing on aberrant methylation signatures. Despite the intriguing potential, a great deal of work needs yet to be performed to ensure that these patterns are truly predictive of offspring abnormalities.
Conclusions/future directions
While the data surrounding the impacts of age on epigenetic signatures in the sperm are intriguing and appear to offer significant potential utility, it is important to note that a great deal of work still needs to be performed to specifically implicate age-impacted DNA methylation signatures in abnormalities commonly seen in the offspring of older fathers. Despite this, even if these alterations were not found to be causative, but were only associated, the predictive potential of these marks is still real. With more sophisticated modeling, any prediction that could help a couple to better understand their unique risk of various pregnancy outcomes or offspring phenotypes is worth pursuing.
A key to making such prediction a reality is the completion of more focused studies using what has already been learned to guide the process. Specifically, animal model studies could be used to better understand the heritability of methylation signatures directly. In fact, new techniques may soon allow us to directly alter methylation signatures in the sperm, which would ultimately allow us to analyze the heritability of these alterations. Among the most promising of these techniques is the use of dCas9-DNMT3a fusion protein to induce DNA methylation changes in sperm (52) . While this has yet to be performed in the context described above, the technology is moving rapidly enough that such an experiment is feasible in the relative near term.
An additional experiment that will be an important next step in expanding our understanding of the predictive nature of these marks is to focus on the fathers of children with already manifested disorders regardless of age. A potential design would be to recruit the fathers of children with a specific form of neuropsychiatric disease and perform sperm DNA methylation profiling on these individuals. It will be important to ensure that the selected disorder in the offspring manifests itself early in life such that an analysis of the father's sperm if performed as close to conception as is possible. Such a study is problematic for many reasons mainly due to difficulties in the study design itself. Despite these difficulties, there is real potential to identify direct correlations between sperm DNA methylation signatures and offspring phenotypes, which would significantly augment our understanding of the predictive nature of sperm DNA methylation signatures.
Taken together, it is clear that the aging process significantly impacts the sperm epigenome. Work is still required to understand the impact of aging on histone modifications and nuclear protein composition in sperm, but the impact on sperm DNA is clear and has begun to be more thoroughly elucidated. While altered DNA methylation signatures in sperm have not been proven to escape all of the reprograming events in the early embryo, at least a portion of these marks are likely to be retained. Further, regardless of the direct impact of these alterations, the potential for prediction of the aging process has been demonstrated and as such may be useful diagnostically. Much work is still required to realize this potential, but the available data is very promising and clearly warrants further investigation.
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